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Biogas-linked  agro-ecosystems  provide  economic  and  environmental  benefits  by  using  resources  in  a 
multipurpose  manner.  They  utilize  an  energy  consumption  pattern  that  has  prominent  advantages  in 
relieving  energy  shortages  and  reducing  environmental  pollution.  To  better  understand  the  effects  of 
these  multiple  aspects,  it  is  important  to  study  how  much  of  the  energy  flow  is  extracted  and  available 
through  the  biogas-linked  agro-ecosystem  using  an  economic  input-output  evaluation  or  ecological  and 
social  influence  assessments.  It  is  also  equally  important  to  understand  the  conversion  efficiency  during 
the  life  cycle  of  biogas  production,  and  how  humans  influence  the  whole  process  of  the  biogas-linked 
agro-ecosystem.  This  paper  attempts  to  establish  a  life  cycle-based  accounting  model  of  a  household 
biogas  system  using  different  economic  and  ecological  metrics  for  multiple  objective  considerations,  to 
provide  a  powerful  and  comprehensive  perspective  to  illustrate  sustainability  problems.  In  this  study  we 
use  a  typical  household  biogas  system  in  Gongcheng  Autonomous  County  (Guangxi  Province,  China)  as  a 
case  study  to  reveal  an  effective  route  and  strategy  to  relieve  energy  shortage,  reduce  environmental 
pollution,  and  improve  human  productivity.  In  this  way,  we  can  construct  an  exemplary  example  of  how 
to  realize  sustainable  development  in  a  rural  area  with  positive  objective  conditions. 
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1.  Introduction 

Rural  areas  are  home  to  just  over  half  of  China’s  population, 
50.05%  in  2010  [1],  and  are  an  essential  part  of  the  overall 
economy.  Ever  since  the  Open  Door  policy  initiated  in  1978, 
China’s  rural  economy  has  experienced  incredible  high-speed 
growth,  accompanied  by  a  trend  of  substantial  and  profound 
changes  to  its  rural  energy  pattern  [2,3],  In  previous  decades, 
villagers’  per  capita  energy  consumption  was  very  low,  mostly  for 
cooking  and  heating  [4],  and  their  energy  requirements  were  met 
using  traditional  biomass  fuels  [4,5],  However,  in  recent  years, 
biomass  fuels  have  been  used  less  and  less  each  year,  with  the 
ratio  as  low  as  0.2%  in  2006  [6].  In  contrast,  total  primary  energy 
consumption  has  increased,  mainly  owing  to  peasants’  pursuit  of 
better  standards  of  living,  with  a  rapid  growth  in  the  use  of  coal, 
natural  gas,  and  electricity. 

A  number  of  facts  are  undisputed:  (1)  China  has  been  the  world’s 
second  largest  energy  user  since  2002,  of  which  less  than  10%  of  the 
total  primary  energy  consumption  is  from  renewable  sources  [7,8]; 
(2)  the  growing  trend  of  energy  prices  will  somehow  influence 
consumers’  psychology  in  rural  China;  and  (3)  the  consumption  of 
fossil  fuels  directly  causes  serious  pollution  and  global  warming  [4],  In 
addition,  inefficient  energy  utilization,  excessive  firewood  collection, 
and  accompanying  pollution  have  already  troubled  China  for  many 
decades  in  most  rural  areas  [9,10],  Therefore,  it  is  reasonable  to  infer 
that  severe  energy  resource  shortages,  soaring  energy  economic  costs, 
and  severe  environmental  deterioration  are  the  three  biggest  con¬ 
straints  restricting  both  China’s  agricultural  development  and  pea¬ 
sants’  living  standards. 

With  the  prevailing  trend  of  developing  renewable  and  sustainable 
energy  technologies,  including  wind  power,  solar  energy,  and  bioe¬ 
nergy,  the  application  of  biogas,  a  clean  and  efficient  reproducible  gas, 
has  been  considered  as  a  practical  approach  to  solving  the  rural  energy 
deficit  and  reversing  the  country’s  health  and  environmental  situation 
[11,12],  Many  previous  studies  have  demonstrated  that  biomass, 
especially  for  bioenergy,  has  the  potential  to  become  one  of  the  major 
global  primary  energy  sources  in  the  21th  century,  and  modernized 
bioenergy  systems  are  recommended  to  be  important  contributors  to 
future  sustainable  energy  systems,  sustainable  development  in  indus¬ 
trialized  countries,  and  in  developing  countries  and  areas  [13-17], 
Biomass  represents  an  abundant  and  renewable  energy  source 
because  it  contains  more  hydrogen  than  coal  while  containing  less 
sulfur  and  ash.  Biomass,  in  its  gaseous  or  liquid  form,  is  not  only  clean 
but  also  convenient  Furthermore,  biofuel  from  biomass  becomes  a 
sink  for  greenhouse  gases  (GHG)  because  biomass  is  low  in  carbon  and 
carbon  is  fixed  during  biomass  growth  [  18],  Biomass  therefore  is  likely 
to  be  an  attractive  clean  development  mechanism  option  for  reducing 
GHG  emissions  [5], 

There  are  substantial  quantities  of  available  biomass  resources 
in  rural  China,  namely  crop  straw,  forest  residue,  livestock,  poultry 
manure,  and  various  household  organic  wastes  and  waste  water 
[19].  Moreover,  a  wide  range  of  existing  and  future  technological 
options  for  cost-competitively  improving  biomass  efficiency  and 
reducing  the  negative  environmental  impact  of  biomass  energy 
use  have  placed  biomass  at  the  front  of  other  modern  energy 
carriers,  ahead  of  electricity,  cleaning  gas,  and  liquid  fuels  [20,21], 
Administratively,  the  Central  Government  of  China  has  strongly 
supported  the  development  and  application  of  biomass  energy 
ever  since  the  first  official  policy  paper  on  renewable  energy 
development,  “Circular  on  Improving  Rural  Energy  Development” 
was  issued  by  the  China  National  Economic  Committee  in  1986 
[3,11,22],  Since  then,  a  series  of  policies,  laws,  criteria,  and  projects 
in  the  fields  of  energy,  environment,  and  economy  have  emerged, 
including  the  Central  Government  of  the  People’s  Republic  of 
China  [23],  the  National  Development  and  Reform  Committee  of 
China  [24,25],  and  the  National  People’s  Congress  of  the  People’s 


Republic  of  China  [26].  These  regulations  all  recognize  biogas 
technology  as  an  environmentally  friendly  measure,  which,  in 
addition  to  energy  production,  may  contribute  to  a  more  efficient, 
economical,  and  safe  recycling  of  manure  to  improve  peasants’ 
living  and  agricultural  production  [27], 

However,  it  must  be  admitted  that  biomass,  as  a  fuel  source  for 
large-scale  power  generation,  is  in  its  infancy  not  only  in  China, 
but  also  in  many  countries  worldwide  [28],  Therefore,  suppliers 
and  supply  chains  have  not  yet  been  developed  on  a  large  scale  to 
supply  the  necessary  bioenergy  to  meet  extensive  power  require¬ 
ments.  Unlike  mature  and  traditional  energy  supply  chains,  the 
rapid  development  and  wide  application  of  biogas  is  influenced  by 
local  environment,  the  availability  of  raw  materials’  for  biogas 
production,  transportation,  storage,  climate  conditions,  and  sup¬ 
porting  policies.  Furthermore,  the  biogas  utilization  in  China 
related  to  rural  energy  development  and  corresponding  escalating 
economic  activities,  especially  for  biogas-linked  systems,  has  given 
rise  to  complex  interrelationships  among  society,  economics, 
energy,  environment,  and  realistic  rural  energy  policies  [9],  This 
has  moved  further  forward  with  the  purpose  to  develop  sustain¬ 
able  and  integrated  material  for  energy-based  agriculture  and  the 
rural  economy.  Hence,  after  a  40-year  history  of  biogas  for 
smallholders  in  rural  China,  the  objective  of  developing  biogas  is 
not  only  to  provide  energy,  but  also  to  apply  improved  biogas 
technology  to  sustainable  agricultural  systems  for  recycling  bio¬ 
mass  [11  ]  based  on  a  large-scale  application,  such  as  the  integrated 
pig-biogas-vegetable  systems  in  northern  China  [29]  and 
livestock-biogas-fruit  systems  in  southern  China  [30],  For  this 
reason,  modern  biogas  utilization  has  been  popularized  in  combi¬ 
nation  with  ecological  agriculture  for  a  better  performance  of 
harmonizing  economic  profits,  environmentally  friendly  develop¬ 
ment,  and  resource  consumption  optimization.  We  term  the 
system  the  “biogas-linked  agro-ecosystem"  in  this  paper. 

Frequently-used  methods  to  comprehensively  evaluate  the 
social-economic-ecological  effectiveness  of  complex  biogas- 
linked  agro-ecosystems  are  an  analysis  by  index  or  factors 
[10,27,31-35]  and  model  evaluation  from  previous  research 
[36,37],  The  former  is  focused  on  assessing  the  effects  via  eco¬ 
nomic,  energetic,  or  physical  concepts  or  indicators,  such  as 
emergy  or  exergy  analysis,  while  the  latter  analyzes  the  mutual 
relationship  between  multi-factors  within  the  system  to  gain  the 
maximum  benefit.  Generally  speaking,  most  peasants  prioritize 
economic  input  and  output,  but  from  the  angle  of  administrative 
departments  and  environmental  protection,  social  and  ecological 
influences  are  equally  significant.  Herein,  on  the  basis  of  previous 
research,  we  provide  an  economic  cost-benefit  analysis  for  life 
cycle  biogas-linked  agro-ecosystem  modification  works.  Extended 
exergy  has  also  been  chosen  as  an  evaluation  tool  in  this  study. 
(This  is  an  “embodied”  measure  for  the  equivalent  primary  exergy 
resource  consumption  as  well  as  an  extension  of  traditional  exergy 
analysis  by  including  socio-economic  factors  such  as  labor  and 
capital  costs  in  physical  terms  of  the  equivalent  primary  resource 
consumption.)  First,  it  is  widely  accepted  that  the  exergy-based 
assessment  can  be  correctly  regarded  as  a  physical  and 
thermodynamics-based  metric  to  evaluate  the  scarcity  and  utility 
of  ecological  resources.  Furthermore,  extended  exergy  is  a  new 
application  metric  to  evaluate  the  comprehensive  social- 
economic-ecological  effects  of  biogas-linked  agro-ecosystems 
[38-40],  Extended  exergy  analysis  (EEA)  is  a  socio-economic 
construct  with  biophysical  references,  intended  to  reconcile  the 
labor  theory  of  value  and  the  current  thermodynamic  theory.  It  is  a 
suitable  tool  to  measure  the  cost  of  sustainability  because  it  is  well 
known  that  most  measures  aimed  at  increasing  the  degree  of 
sustainability  of  a  society  require  greater  resource  consumption  at 
the  onset  [41],  So  far  EEA  has  been  applied  to  different  societies 
and  scales  in  the  literature  for  social  and  economic  sustainability 
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analysis  (e.g.,  Norway  [42],  Italy  [43],  Siena,  a  province  of  Italy  [44], 
the  United  Kingdom  [45,46],  the  Dutch  energy  sector  [47],  Turkey 
[48],  and  China  [49],  However,  the  study  presented  in  this  paper  is 
the  first  EEA  application  to  a  regional  project  from  a  life  cycle 
analysis  perspective. 

There  are  different  types  of  biogas-linked  agro-ecosystems  in 
China.  Here  we  chose  Gongcheng  Yao  Autonomous  County,  a 
typical  livestock-biogas-fruit  system  in  south  China,  as  the  target 
area.  The  county  lies  in  the  northeast  part  of  the  Guangxi  Zhuang 
Autonomous  Region.  In  1990,  Gongcheng  developed  the  “three-in- 
one”  mode  of  biogas-linked  agro-ecosystem,  which  linked 
orchard-agricultural  activities  and  stock  farming  with  a  biogas 
tank  and  included  multipurpose  usages  for  biogas,  biogas  residue, 
and  slurry.  By  the  end  of  2010,  approximately  65,800  household 
biogas  units  had  been  constructed  in  Gongcheng,  at  a  populariza¬ 
tion  rate  of  91.6%  and  with  79.9%  forest  coverage  [50],  This  is  the 
highest  biogas  popularization  rate  in  the  nation  and  has  already 
been  set  as  an  example  for  the  development  of  biogas-linked  agro¬ 
ecosystems  in  China.  This  particular  area  was  chosen  as  a  case 
study  because  we  wish  to  evaluate  the  comprehensive  effects  of 
building  household  biogas  units  on  the  benefits  to  peasants,  social 
influences,  and  potential  ecological  and  sustainable  impacts. 
Furthermore,  because  the  use  of  biogas  in  Gongcheng  is  consid¬ 
ered  a  national  example,  it  will  be  more  convincing  to  formulate  or 
regulate  an  acceptable  pattern  of  multiple  interests  based  on  this 
area  to  further  promote  biogas  application  in  rural  China. 

Herein,  we  present  a  comprehensive  economic  and  ecological 
accounting  framework  based  on  a  life  cycle  analysis  of  a  biogas- 
linked  agro-ecosystem.  An  input-output-based  monetary  analysis  and 
an  EEA-based  assessment  metric  were  applied  to  address  synthetic 
benefits  in  which  raw  material,  capital  and  labor  input,  and  environ¬ 
mental  influences  were  taken  into  account  together.  Hence,  biogas- 
linked  life  construction  and  operation  processes  were  compatibly 
inlayed  in  the  accounting  procedure.  The  remainder  of  this  paper  is 
arranged  as  follows.  The  general  accounting  method  and  system 
boundary  are  illustrated  in  Section  2.  In  Section  3,  the  accounting 
results  and  economic  and  ecological  metrics  analysis  are  demonstrated 
on  the  basis  of  several  objective  considerations.  Following  in  Section  4, 
we  discuss  the  accounting  application  for  biogas-linked  agro-ecosys¬ 
tems  and  finally,  a  range  of  conclusions  are  presented. 


2.  Methodology 

2.J.  Method 


2.1.1.  Extended  exergy  accounting 

The  extended  exergy  content  (ee)  of  a  specific  flux  (material,  kg/s 
or  units/s,  or  immaterial,  J/s,  €/s,  workhours/s),  is  defined  as 


Fig.  1.  Life  cycle  assessment  framework  of  household  biogas  comprehensive 
utilization. 


follows  [51]: 

ee  =  em  +  ephys  +  eeK  +  eeL  +  ee£nv[fcW/i,w],  (1 ) 

where  em  (material  exergy)  is  the  sum  of  the  physical  and  chemical 
exergy  contents  of  the  raw  materials  used  in  the  fabrication  of  the 
item;  ephys  (physical  exergy)  indicates  the  algebraic  sum  of  the  exergy 
of  energy  flows  used  in  the  fabrication  of  the  item  (heat,  mechanical 
work,  electrical  energy,  chemical  energy,  etc.);  eeK  (capital  equivalent 
exergy)  is  the  exergetic  equivalent  of  the  total  net  monetary  influx  into 
the  process;  eeL  (labor  equivalent  exergy)  is  the  exergetic  equivalent  of 
the  sum  of  the  labor  contributions;  eeEnv  (environmental  remediation 
equivalent  exergy)  is  the  total  extended  exergetic  “cost”  (i.e„  the  total 
amount  of  primary  exergy  resources)  necessary  to  bring  the  effluent  to 
a  state  of  equilibrium  with  the  environment.  Generally,  we  combine  em 
and  ephys  together  as  CEC  (cumulative  exergy  consumption  based  on 
resource).  The  specific  four  parts  of  the  total  extended  exergy 
accounting  are  shown  in  Section  3. 

2.1.2.  Life  cycle  analysis 

Life  cycle  assessment  (LCA)  is  a  tool  to  assess  the  potential 
environmental  impacts  and  resources  used  throughout  a  product’s 
life  cycle,  i.e„  from  raw  material  acquisition,  production  and  use 
phases,  to  waste  management  [52],  The  unique  feature  of  LCA  is  the 
focus  on  products  or  production  process  from  a  life  cycle  perspective. 
Therefore,  the  comprehensive  scope  of  LCA  is  useful  to  avoid  problem 
shifting,  for  example,  from  one  phase  of  the  life  cycle  to  another,  from 
one  region  to  another,  or  from  one  environmental  problem  to  another 
[53],  Here  we  decompose  the  typical  household  biogas  comprehensive 
utilization  system  into  three  periods,  (1)  construction  period, 
(2)  running  period,  and  (3)  multipurpose  use  period,  based  on  the 
LCA  understanding  (see  Fig.  1)  to  further  and  fully  accomplish  a 
substitution  benefit  analysis  and  EEA  analysis.  Several  input  and 
output  flows  are  also  shown  in  Fig.  1. 

2.2.  System  boundary 

The  most  common  and  typical  household  biogas  system  in 
Gongcheng  was  chosen  for  the  case  study.  The  size  of  its  tank  is 
8  m3,  and  the  maximum  service  life  is  estimated  to  be  15  years. 
Considering  the  optimal  usage  of  the  system,  we  limited  the  study 
time  to  10  years.  The  annual  average  temperature  of  Gongcheng  is 
>  10  °C,  which  is  the  minimum  temperature  for  biogas  fermentation; 
the  system  is  theorized  to  function  properly  all  year  long.  To  make  a 
distinction  between  pre-  and  post-construction  of  the  domestic  biogas 
program,  we  draw  two  figures  demonstrating  the  variations  of  input 
output  flows  and  metabolic  process  (see  Figs.  2  and  3).  Fig.  2  is  drawn 
based  on  the  primordial  rural  agro-ecosystem  metabolic  process,  and 
Fig.  3  shows  the  alterations  of  the  input-output  relationship  after 
household  biogas  construction,  in  which  the  blue  line  refers  to 
reduction  and  the  red  line  means  the  value  increases  compared  with 
the  period  when  there  was  no  biogas  construction.  This  is  a  repre¬ 
sentative  diagram  after  rural  biomass  recycling  and  reuse  based  on 
one  family  in  Gongcheng. 

2.3.  Data  source 

In  Table  1,  we  list  all  primary  data  of  a  typical  household  biogas 
system  in  Gongcheng  Yao  Autonomous  County,  as  well  as  the 
necessary  economic  and  exergetic  factors.  The  basic  data  of  biogas 
system  were  sourced  from  the  Gongcheng  Economic  Information 
Network  [54],  Gongcheng  Agriculture  Information  Network  [55], 
China  Economic  Information  Network  [56],  Guilin  Economic  Infor¬ 
mation  Network  [57],  and  the  Gongcheng  County  Government 
Network  [58],  The  other  exergetic  factors  were  obtained  from 
previous  studies  as  listed  in  Table  1  [59-62], 
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Fig.  2.  The  input-output-flows  system  before  domestic  biogas  unit  construction. 


By  considering  the  actual  conditions  in  Gongcheng,  we  were 
able  to  determine  the  value  of  several  factors  as  follows: 
(1)  working  time  for  a  single  day  is  an  average  of  10  h;  (2)  the 
prices  in  this  table  represent  the  average  prices  in  China  and  were 
sourced  from  questionnaires  and  websites;  and  (3)  the  average 
biogas  composition  is  60-70%  CH4  in  China,  and  for  this  study  we 
use  the  value  of  65%  CH4. 

3.  Results 

We  conducted  a  multi-objective  accounting  analysis  for  the 
rural  biogas-linked  agro-ecosystem  as  detailed:  cost  accounting 
and  substitution  benefit  from  the  perspective  of  peasant  house¬ 
holds,  forest  protection,  emission  reduction  based  on  ecological 
considerations,  direct  and  indirect  social  amelioration,  as  well  as 
the  EEA  analysis  of  four  elements. 

3.1.  Cost  accounting  and  substitution  benefit 

Based  on  the  LCA  framework  and  available  data,  an  overall 
substitution  benefit  accounting  for  the  household  biogas-linked 
agro-ecosystem  in  Gongcheng  was  carried  out  in  Table  2.  We 
calculated  different  economic  input  lists  as  well  as  the  output 
saving  or  earning  detailed  account,  in  which  the  minus  sign  “  -  ” 
here  means  input  saving  or  output  earning,  which  directly  refers 
to  economic  saving  or  increase  in  benefit. 

Biogas  construction  started  in  Gongcheng  in  1984  and  was  in 
wide  use  by  2000.  At  present,  Gongcheng  has  the  largest  penetra¬ 
tion  of  household  biogas  systems  in  the  nation.  The  exchange  rate 
was  8.27  Yuan  per  USD  at  the  end  of  2000,  and  during  the  past  10 
years,  the  exchange  rate  has  been  in  a  declining  trend.  For  this 
reason  we  presumed  the  exchange  rate  to  be  8  Yuan  per  USD  in 
this  study  to  transform  the  economic  value.  In  Table  2,  it  is  shown 


that  $247  was  invested  in  the  preliminary  construction  period,  and 
in  the  following  10  years  of  optimal  performance,  multipurpose 
use  such  as  reductions  in  firewood  use,  electricity,  feed,  fertilizers, 
and  increasing  fruit  yields,  could  save  $677  yearly,  implying  a  total 
net  substitution  benefit  of  $6520  for  each  household  compared 
with  no  biogas-linked  peasants.  From  the  LCA  perspective,  the 
economic  input  mainly  existed  in  the  first  period  of  household 
biogas  facility  building,  but  after  one  year’s  operation  the  original 
input  cost  could  be  recovered  by  increases  in  production  and 
decreases  in  the  use  of  commercial  fertilizers  by  using  biogas 
residue  and  slurry.  Fig.  4  demonstrates  the  substitution  benefit 
structure  for  peasants  using  a  one-household  biogas  unit,  in  which 
reductions  in  the  use  of  firewood  and  increases  in  fruit  production 
are  the  primary  contributors  to  the  percentage  total  of  79.77%. 
Moreover,  there  is  also  reduction  in  electricity,  feed,  and  fertilizer. 

3.2.  Ecological  benefit 

Fig.  2  shows  that  a  household  biogas  project  can  replace 
firewood  consumption.  In  addition,  felling  and  combustion  emis¬ 
sions  are  dramatically  reduced.  An  8  m3  household  biogas  unit  in 
Gongcheng  could  on  average  save  2876  kg  in  firewood.  In  south¬ 
west  China  [62],  the  mean  forest  volume  estimation  (FVE)  was 
4290  cm3/m2.  If  the  average  outturn  percentage  was  72%,  firewood 
production  amounted  to  3000  cm3/m2;  therefore,  the  total  fire¬ 
wood  saving  is  1266.67  m2  for  each  household  biogas  unit. 
Furthermore,  2876  kg  of  firewood  is  equal  to  1642  kg  etc.  (stan¬ 
dard  coal  equivalent),  which  indicates  a  reduction  in  C02  and  $02 
emissions  by  cooking  with  biogas.  In  Table  3,  we  list  the  related 
emission  factors  for  an  8  m3  household  biogas  project  in  Gong¬ 
cheng.  The  data  were  sourced  from  the  questionnaire  survey 
accounting  results  and  conversion  coefficients  from  Dai  et  al. 
[59],  The  total  substitution  benefit  of  forest  protection  as  well  as 
emission  reduction  are  listed  in  Table  4,  in  which  4120  kg  of  C02 
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Fig.  3.  The  input-output-flows  system  after  domestic  biogas  unit  construction. 


Table  1 

The  primary  economic  and  exergetic  data  of  a  typical  household  biogas  system  in  Gongcheng. 


Items 

Number 

Unit 

Price  (or  labor) 

Exergy  conversion  factor 

Exergy  conversion  factor  source 

Construction  period 

Cement  (425#) 

1.30 

t 

400  RMB/t 

7.41  x  107  J/t 

[59,60] 

Grit 

3.30 

t 

60  RMB/t 

3.3  x  107  J/t 

[59,60] 

Grait 

8.10 

t 

80  RMB/t 

3.3  x  107  J/t 

[59,60] 

Plastic  pipe 

4.00 

kg 

12  RMB/kg 

3.09  x  109  J/kg 

[59,60] 

Steels 

1.50  x  101 

kg 

4  RMB/kg 

1.63  x  10s  J/kg 

[59,60] 

Brick 

2.00  x  102 

kg 

0.3  RMB/kg 

6.87  xlO6  J/kg 

[59,60] 

Gasoven 

1.00 

- 

150  RMB 

/ 

Skilled  labor 

5.00 

person 

20  RMB/person 

1.37  x  108  J/(person  x  day) 

[61,62] 

Ordinary  labor 

1.00  X  101 

person 

10  RMB/person 

1.37  x  108  J/(person  x  day) 

[61,62] 

Other 

- 

/ 

90  RMB 

/ 

- 

Running  period 

Daily  management 

0.5 

h/day 

1  person/time 

1.37  x  108  J/(person  x  day) 

[61,62] 

Yearly  large  refueling 

1 

time 

12  person/time 

1.37  x  108  J/(person  x  day) 

[61,62] 

Multipurpose  use  period 

Gas  production 

8.67  x  102 

m3 

8  RMB/kg  (1.215  kg/m3) 

23.4  x  103  J/kg 

[60] 

Firewood  replacement 

3.13 

kg/m3  gas 

100  RMB/t 

1.45  xlO7  J/kg 

[49] 

Electricity  generation 

4.50  x  10’ 

kWh 

0.6  RMB/kW  h 

1.2  x  10s  J/kW  h 

[59,60] 

Increased  fruits 

1.20  x  103 

kg/household 

2  RMB/kg 

1.9  x  106  J/kg 

[49] 

Feed  saving 

2.00  x  102 

kg/household 

4  RMB/kg 

5.24  x  10s  J/kg 

[59,60] 

Nitrogen  fertilizer  saving 

6.99  x  10’ 

kg  (N) 

2.1  RMB/kg  CO(NH2)2 

7.26  x  107  J/kg 

[59,60] 

Phosphate  fertilizer  saving 

2.75  x  10’ 

kg  (P205) 

0.6  RMB/kg  16%  (P205) 

4.86  x  107  J/kg 

[59,60] 

Potassic  fertilizer  saving 

1.23  x  102 

kg  (I<20) 

3  RMB/kg  50%  K2S04 

2.64  x  106  J/kg 

[59,60] 

and  34.7  kg  of  S02  emissions  are  reduced,  corresponding  to  at  least 
1.86x  109J  and  1.70xl07J  of  environmental  emission  exergy 
saved  by  the  extra  input  of  managing  or  eliminating  environmen¬ 
tal  waste  emissions.  The  forest  coverage  in  Gongcheng  in  2010  was 
79.7%  [50],  which  is  significantly  ascribed  to  the  use  of  biogas 
instead  of  firewood. 


3.3.  Direct  and  indirect  social  amelioration 

3.3.1.  Direct  carbon  trading  value 

To  better  evaluate  the  social  amelioration  value  of  a  biogas 
project,  we  considered  the  international  C02  economic  exchange 
value  as  an  important  indicator,  as  biogas  utilization  can  reduce 
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Table  2 

Biogas-linked  agro-ecosystem  substitution  benefit  per  household  in  Gongcheng. 


Items 

Number 

Unit 

Price  (or  labor) 

Economic  cost  ($) 

Construction  period 

Cement  (425#) 

1.30 

t 

400  RMB/t 

6.50  x  10' 

Grit 

3.30 

t 

60  RMB/t 

2.48  x  10' 

Grait 

8.10 

t 

80  RMB/t 

8.10  x  10' 

Plastic  pipe 

4.00 

kg 

12  RMB/kg 

6.00 

Steels 

1.50  x  10’ 

kg 

4  RMB/kg 

7.50 

Brick 

2.00  x  102 

kg 

0.3  RMB/kg 

7.50 

Gasoven 

1.00 

/ 

150  RMB 

1.88x10' 

Skilled  labor 

5.00 

Person 

20  RMB/person 

1.25x10' 

Ordinary  labor 

1.00  X  10’ 

Person 

10  RMB/person 

1.25  x  10' 

Other 

/ 

/ 

90  RMB 

1.13  x  10' 

Running  period 

Daily  management 

0.5 

h/day 

1  person/time 

/ 

Yearly  large  refueling 

1 

Time 

12  person/time 

/ 

Multipurpose  use  period 

Firewood  replacement 

2.71  x  103 

kg 

100  RMB/t 

-3.39  x  10' 

Electricity  generation 

4.50  x  101 

kWh 

0.6  RMB/kW  h 

-3.38 

Increased  fruits 

1.20  x  103 

kg/Household 

2  RMB/kg 

-3.00  x  102 

Feed  saving 

2.00  x  102 

kg/Household 

4  RMB/kg 

-1.00  xlO2 

Nitrogen  fertilizer  saving 

6.99  x  101 

kg  (N) 

2.1  RMB/kg  C0(NH2)2 

-3.93  x  10' 

Phosphate  fertilizer  saving 

2.75x10' 

kg  (P205) 

0.6  RMB/kg  16%  (P205 

-2.95x10' 

Potassic  fertilizer  saving 

1.23  x  102 

kg  (I<20) 

3  RMB/kg  50%  I<2S04 

-1.71  x  102 

Construction  input 

/ 

/ 

/ 

/ 

2.47  x  102 

Yearly  output 

/ 

/ 

/ 

/ 

-6.77  xlO2 

Total  net  benefit 

/ 

/ 

/ 

/ 

-6.52  xlO3 

Fig.  4.  Substitution  benefit  structure  for  the  typical  household  biogas  project  in 
Gongcheng. 


Table  3 

The  forest  protection  and  emission  reduction  accounting  for  an  8  m3  household 
biogas  project  in  Gongcheng. 


Item 

Value 

Unit 

Gas  production 

8.67  x  102 

m3  Gas 

Firewood  replacement 

3.13 

kg/m3  Gas 

Forest  stocking  rate 

4.30  x  10-3 

m3/m2 

Pure  Wood  Produced  rate 

72% 

/ 

Density  of  wood 

4.67 

kg/m2  Firewood 

Conversion  rate  of  SCE/Firewood 

57.09% 

kg  SCE/kg  Firewood 

C02  emission 

2.66 

kg  C02/kg  SCE 

S02  emission 

2.24  x  10~2 

kg  S02/kg  SCE 

SCEx  of  C02 

4.52  x  102 

kj/kg 

SCEx  of  S02 

4.89  x  103 

SCEx  kj/kg 

C02  emissions  and  the  carbon  emission  trade  is  a  social  global 
marketing  mechanism  for  emission  reduction  and  low  carbon 
development.  On  the  basis  that  the  international  C02  exchange 
price  was  $10/t  at  the  end  of  2011  [63],  the  total  C02  emission 


Table  4 

The  total  ecological  benefit  of  forest  protection  and  emission  reduction  for  a 
household  biogas  project  in  Gongcheng. 


Value 

Unit 

Forest  protection  area 

5.81  x  102 

m2 

Reduction  amount  of  C02  emission 

4.12  x  103 

kg 

Reduction  amount  of  S02  emission 

3.47  x  10' 

kg 

Reduction  exergy  of  C02  emission 

1.86  x  109 

J 

Reduction  exergy  of  S02  emission 

1.70  x  108 

J 

Table  5 

The  cumulative  exergy  consumption  (CEC)  input  of  one  8  m3  household  biogas  unit 
in  an  LCA  perspective  in  Gongcheng. 


Items 

Exergy  0) 

Effect 

Construction  period 

Cement  (425#) 

9.63  x  107 

+ 

Grit 

2.67  x  10s 

+ 

Grait 

1.09  x  10s 

+ 

Plastic  pipe 

1.24  x  10'° 

+ 

Steels 

2.45  x  109 

+ 

Brick 

1.37  x  109 

+ 

Other 

/ 

/ 

Multipurpose  use  period 

Cooking 

3.93  x  10'° 

_ 

Lighting 

5.40  x  109 

- 

Increased  fruits 

2.28  x  107 

_ 

Feed  saving 

1.05  x  10" 

- 

Nitrogen  fertilizer  saving 

5.06  x  109 

- 

Phosphate  fertilizer  saving 

1.33  x  109 

- 

Potassic  fertilizer  saving 

3.25  x  108 

- 

reduction  cost  was  $41.2  per  household  for  the  whole  life  (con¬ 
struction  and  operation)  of  one  biogas  unit.  As  there  were  658,000 
household  biogas  tanks  in  Gongcheng  in  2011  [50],  the  resulting 
reduction  in  C02  emissions  would  equal  to  $2.34  x  107. 


3.3.2.  Indirect  social  improvements 

With  the  popularization  of  biogas  projects  in  Gongcheng, 
hygiene  has  also  been  greatly  improved.  For  example,  human 


J.  Dai  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  41  (2015)  347-355 


353 


and  animal  excreta  are  now  collected  properly  and  essentially 
fermented,  which  reduces  the  spread  of  germs  and  is  definitely 
good  for  the  villagers’  health.  In  addition,  this  project  can  reduce 
human  labor  and  improve  labor  intensity,  which  will  improve 
peasants’  living  standards  and  create  more  opportunities  for 
surplus  labor  to  work  elsewhere.  Furthermore,  the  construction 
of  biogas-linked  agro-ecosystems  represents  a  significant  boost  for 
both  orchard  farming  and  household  livestock  in  the  Gongcheng 
area.  This  provides  a  vital  force  to  optimize  the  agricultural 
structure  for  rural  fields  in  China.  There  is  no  doubt  that  a  large- 
scale  biogas-linked  agro-ecosystem  will  definitely  lead  to  a  more 
intensive  and  comprehensive  development  of  industrial  agricul¬ 
ture  practices.  The  use  of  biogas  also  looks  promising  as  an 
effective  measure  to  increase  agricultural  production  rates  and 
peasants’  incomes. 

3.4.  EEA  analysis 

We  compared  the  EEA  results  of  the  four  elements,  looking  at 
the  variations  between  non-household  biogas  facilities  and  post¬ 
construction  domestic  biogas  units.  In  Table  5,  the  CEC  input  items 
and  equivalent  exergy  values  are  listed  on  the  basis  of  Table  1  in 
Section  2.3;  moreover,  the  effect  “+”  means  increased  input  or 
consumption  after  the  management  of  one  biogas  unit  for  each 
resident,  and  ”  refers  to  reduced  input,  consumption  saving, 
energy  generating,  or  harvest  yields.  It  is  clearly  shown  that  the 
exergy  input  only  existed  in  the  construction  period  in  the  primary 
stage.  When  the  biogas  unit  went  into  normal  operation  time,  the 
previous  waste  exergy  could  be  extracted  or  reused  in  the  multi¬ 
purpose  use  period  in  the  following  years.  This  is  a  very  important 
function  for  evaluating  biogas  utility  and  future  propagation. 

Based  on  the  consideration  of  extended  exergy  parts,  we 
calculated  the  labor  and  capital  equivalent  exergy  input  in 
Table  6.  As  stated,  both  labor  and  capital  inputs  were  included 
into  the  construction  time,  while  the  daily  and  yearly  operation 
management  could  be  completed  by  peasants  without  employing 
extra  workers.  The  project  can  run  during  the  lifetime  (normally 
10  years)  after  peasants  put  organic  waste  into  the  tank  as  labor 
input.  Only  after  that,  the  project  needs  extra  capital  exergy  input 
for  the  renovation.  However,  most  people  will  abandon  it  after  10 
years  because  of  high  renovation  and  reparation  cost.  This  is  why 
we  omit  the  capital  exergy  input  for  the  operation  management. 
The  total  labor  and  capital  equivalent  exergy  from  a  LCA  perspec¬ 
tive  are  4.4  x  1010  J  and  1.0  x  109J,  respectively,  for  a  typical  8  m3 
household  biogas  unit  in  Gongcheng. 

Table  7  demonstrates  the  accounting  parameters  and  results 
for  the  net  variation  of  the  influenced  environmental  emission 
exergy  between  non-household  biogas  facilities  and  the  post¬ 
construction  period  of  the  domestic  biogas  unit  for  a  typical  biogas 
unit  in  Gongcheng.  In  the  present  situation  for  average  firewood 
cumulative  volume  and  corresponding  conversion  rate,  a  one-unit 
household  biogas  project  could  save  on  firewood  requirements 


Table  6 

The  Labour  (eeL)  and  Capital  ( eeK )  input  of  one  8  m3  household  biogas  unit  in  an 
LCA  perspective  in  Gongcheng. 


Item 

Labor 

equivalency 

Labor  exergy 
equivalency  (J) 

Capital  exergy 
equivalency  (J) 

Skilled  labor 

5 

6.87  x  10s 

3.35  x  10s 

Ordinary  labor 

10 

1.37  x  109 

6.69  x  10s 

Daily 

18.5 

2.54  x  109 

/ 

management 

Yearly  large 

12 

1.65  x  109 

/ 

refueling 

Total  input 

4.40  x  10’° 

1.00  x  109 

Table  7 

The  influenced  environmental  emission  exergy  variation  of  one  8  m3  household 
biogas  unit  in  Gongcheng. 


Accounting  parameters 

Value 

Unit 

Biogas  generating 

8.67  x  102 

m3  biogas 

Firewood  replacement 

3.13 

kg/m3  biogas 

Average  firewood  cumulative  volume 

4.30  x  10- 3 

m3/m2  land  area 

Average  volume  ratio  from  firewood 

72% 

- 

Firewood  density 

4.66 

kg/m2  firewood 

Standard  coal  (SC)  firewood  equivalent  rate  57.09% 

kg  SC/kg  firewood 

C02  emission 

2.66 

kg  C02/l<g  sc 

S02  emission 

2.24  x  10~2 

kg  so2/kg  sc 

C02  Standard  chemical  exergy 

4.52  x  10~2 

SCEx  kj/kg 

S02  Standard  chemical  exergy 

4.89  x  103 

SCEx  kj/kg 

Accounting  results 

Forest  protection  area 

5.81  x  102 

m2 

Reduced  C02  emission  amount 

4.12  x  103 

kg 

Reduced  S02  emission  amount 

3.47  x  10' 

kg 

Reduced  C02  emission  exergy 

1.86  x  109 

J 

Reduced  S02  emission  exergy 

1.70  x  10s 

J 

Table  8 

Total  net  variation  of  four  parts  of  EEA  results  for 
one  8  m3  household  biogas  unit  in  Gongcheng. 


EE  elements 

Exergy  (J) 

CEC 

- 1.57  x  1012 

eeK 

1.00  x  109 

eeL 

4.40  x  1010 

€&Env 

-2.03  x  10'° 

that  require  an  area  of  581  m2  per  year  to  support  productivity. 
Meanwhile,  it  could  also  reduce  C02  and  S02  emission  as  well  as 
saving  extra  exergy  input  to  eliminate  waste  gas  emissions. 

The  net  variations  of  the  four  parts  of  the  EEA  results  are 
presented  in  Table  8. 


4.  Conclusions  and  discussions 

Many  countries  especially  the  developing  ones  have  dramatically 
expanded  their  power  sectors  during  the  last  several  decades.  Rural 
renewable  energy  systems  have  already  been  successfully  certified  in 
various  countries  as  a  complete  small-scale  household  energy  gen¬ 
erator  pattern  offering  the  best  option  to  supply  electricity  and  daily 
energy  consumption,  especially  to  remote  and  undeveloped  areas 
[64-66],  Meanwhile,  biogas  as  an  important  renewable  energy  source 
has  been  increasingly  taken  seriously  as  a  national  coping  strategy  for 
adapting  energy  crisis  in  many  countries  for  widely  use  and  expan¬ 
sively  application  [67-71], 

In  this  case  study,  the  integrated  performance  of  a  typical 
household  biogas  project  is  evaluated  in  an  LCA  perspective  to 
quantify  the  real  economic  and  ecological  benefits.  The  results 
show  that: 

(1)  The  household  biogas  construction  in  Gongcheng  Yao  Auton¬ 
omous  County  is  a  positive  economic  stimulus  program  to 
increase  peasants’  income,  with  only  $247  being  invested  for 
the  first-year-construction  but  $677  yearly  saving  for  multi¬ 
purpose  increment.  The  total  net  substitution  benefit  is  esti¬ 
mated  to  be  $6520  for  the  best  10-year  operation  period.  This 
is  therefore  a  possible  solution  for  the  rural  and  needy  families 
in  China  to  increase  income  and  reach  prosperity  with  an 
input-output  ratio  more  than  26  times  in  general. 
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(2)  In  the  life  cycle  perspective,  the  exergy  embodied  in  the  raw 
materials  has  been  extracted  via  tank  fermentation  and  utilized 
for  various  end  uses  of  household  energy  consumption,  cropping 
and  livestock  feeding.  The  extended  supply  chain  of  biomass 
energy  based  on  biogas-liked  agro-ecosystems  can  successfully 
reduce  the  reliance  on  traditional  fossil  fuels  and  mitigate  the 
environmental  impacts,  decreasing  4120  kg  of  C02  and  34.7  kg  of 
S02  emissions  during  the  10-year  operation  period  and  avoiding 
more  than  1.86  x  101 2 3 4 5 6 7 8 9  J  extra  work  to  eliminate  the  environment 
disturbances.  Also,  the  potential  carbon  trading  values  of  C02 
emission  reduction  are  respectively  estimated  to  be  $41.2  for  one 
biogas  project  and  $2.34  x  107  for  the  total  Gongcheng  County, 
which  are  substantial  tradable  emission  credits  for  local  govern¬ 
ment  to  gain  the  initiative  in  participating  the  national  and 
international  carbon  trading. 

(3)  The  stage  with  the  greatest  energy  or  resource  exergy  saving  is 
the  normal  operation  time  for  CEC  net  input  saving  or  output 
gaining,  in  which  1.57  x  1012J  of  exergy  is  collected  for  reuse 
or  regenerating  value  in  the  whole  life  of  household  biogas 
construction,  running,  and  multipurpose  use  periods.  More¬ 
over,  2.03  x  1012J  of  emission  eliminating  exergy  is  also  saved 
by  biogas  combustion.  In  essence,  it  is  the  humus  decomposi¬ 
tion  of  excrement  from  animals  and  households  that  replaces 
the  need  for  extra  firewood  consumption  and  waste  gas 
emissions.  However,  to  accomplish  this  sustainable  exergy 
saving  behavior,  human  efforts  in  terms  of  labor  and  capital 
input  are  necessary,  with  an  average  value  of  1.0  x  109J  and 
4.4  x  lO10  J,  respectively,  in  the  case  of  Gongcheng.  Therefore, 
the  household  biogas  application  in  Gongcheng  is  a  good 
example  of  how  energy  saving  and  emission  reduction  can 
be  accomplished  by  artificial  design  and  management,  with  a 
saving  of  35.34  times  the  equivalent  of  physical-based  exergy 
compared  with  human  labor  and  capital  equivalent  exergy 
inputs.  In  addition,  the  surplus  labor  in  China’s  rural  areas  is 
sufficient  for  biogas  operations,  and  a  government  financial 
subsidy  would  significantly  promote  this  positive  initiative, 
both  to  alleviate  the  energy  shortage  and  to  improve  environ¬ 
mental  quality. 
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